O n the cell surface, ␣␤ T cells recognize foreign Ags by means of an interaction dominated by the specific binding of the ␣␤ TCR to short peptide fragments complexed with MHCs (pMHC) 3 (1, 2). There are two main subpopulations of ␣␤ T cells: CTL, which generally recognize intracellularly derived antigenic peptides in the context of MHC class I (MHC-I) (3, 4) , and Th lymphocytes (Th cells), which generally recognize exogenously derived antigenic peptides in the context of MHC class II (MHC-II) (5, 6) . MHC-I presents shorter peptides, typically 8 -12 aa in length, bound in a groove formed by the ␣1 and ␣2 domains (7) . CTLs, which usually express the coreceptor CD8, mediate direct cell killing of cells infected with intracellular pathogens and tumor cells (8) . MHC-II presents longer peptides, typically 10 -25 aa in length, in a binding groove formed between the ␣1 and ␤1 domains (9) . Th cells, which generally express the CD4 coreceptor, typically respond to pMHC-II by producing soluble factors that "help" both innate and adaptive immune reactions (10, 11) .
Through somatic gene rearrangement, the immune system produces a vast variety of random TCR specificities, including self-Ag reactive and nonreactive receptors (1, 12) . Thymic selection narrows the peripheral TCR repertoire, eliminating cells with inept or autoreactive receptors. Thus, the peripheral populations of T cells express receptors that have the potential to recognize foreign peptides in the context of self-MHC (13) . The accumulated evidence derived from studies with soluble TCRs indicates that TCR/pMHC affinities of Ag-responsive T cells fall within a narrow range (14) . This affinity range is thought to represent a compromise, allowing T cells to successfully respond to antigenic peptides, while remaining tolerant to autoantigens (15) . Further evidence has indicated that the half-life, or off-rate, of this interaction must fall within a specific "window" to enable intracellular signal transduction while being brief enough to allow each pMHC complex to be engaged by multiple TCRs in series (16) . This enables the required number of TCR/pMHC induced triggering events to take place in order for T cell activation to occur (17) .
The affinity range reported for TCRs binding to agonist pMHCs is K D ϳ1-50 M (18). This is considerably weaker than most other protein-protein interactions of biological consequence (18, 19) . Interestingly, studies reported so far indicate that CTL-derived TCRs (TCR-I), which are specific for pMHC-I, bind with stronger affinities than Th cell-derived TCRs (TCR-II), which bind to pMHC-II (18) . However, the critical parameter determining the T cell activation threshold is likely to be the off-rate, i.e., the duration of TCR/pMHC engagement. This is exemplified by the demonstration that, of two ligands with similar K D , only the one with a slow off-rate acts as an agonist (20, 21) . To date, these principles are based primarily on a limited number of murine TCR/pMHC interactions, measured using a range of methods. Only six natural human TCR/pMHC-I interactions have been measured, with no data available for human TCR/pMHC-II (Table I) . Therefore, a direct comparison of the binding affinity and kinetics of class Iand class II-restricted human TCR responses has previously been impossible. To address this issue, we report here the first comparative study of a spectrum of naturally selected human TCR affinities and kinetics, comparing binding to both MHC-I and MHC-II complexed with pathogenic, tumor, and self peptide Ags (Table  II) .
Materials and Methods

Generation of expression plasmids
The TCR and the MHC sequences were generated by PCR mutagenesis (Stratagene) and PCR cloning. All sequences were confirmed by automated DNA sequencing (Lark Technologies). For each TCR, a disulphide-linked construct was used to produce the soluble domains (variable and constant) for both the ␣-and ␤-chains (22, 23) . The MHC-I soluble ␣-chains (␣1-, ␣2-, and ␣3-chain domains), tagged with a biotinylation sequence, and ␤ 2 -microglobulin (␤ 2 m) were also cloned and used to make the MHC-I proteins. The TCR, MHC-I, and ␤ 2 m sequences were inserted into separate pGMT7 expression plasmids under the control of the T7 promoter (22) . For the MHC-II proteins, the soluble domains of the ␣-chain (containing a biotinylation sequence tag and a C-terminal FOS leucine zipper) and ␤-chains (containing the peptide sequence attached via an N-terminal flexible linker and a C-terminal JUN leucine zipper) were cloned (24) . The pMHC-II sequences were inserted into the pAcAB3 vector for baculoviral expression.
Protein expression, refolding, and purification
Competent Rosetta DE3 Escherichia coli cells were used to produce the TCR-I and TCR-II fragments (␣-and ␤-chains), and the MHC-I ␣ and ␤ 2 m chains in the form of inclusion bodies using 0.5 mM isopropyl ␤-D-thiogalactoside to induce expression as described previously (22) . For a 1-L refold, 30 mg of TCR ␣-chain inclusion bodies were incubated at 37°C for 15 min with 10 mM DTT and added to cold refold buffer (50 mM Tris (pH 8.1), 2 mM EDTA, 2.5 M urea, 6 mM cysteamine hydrochloride and 4 mM cystamine). After 10 -15 min, 30 mg of TCR ␤-chain, incubated for 10 -15 min at 37°C with 10 mM DTT, was added. For a 1-L pMHC-I refold, 30 mg of ␣-chain was mixed with 30 mg of ␤ 2 m and 4 mg of synthetic peptide at 37°C for 15 min. This was then added to cold refold buffer (50 mM Tris (pH 8), 2 mM EDTA, 400 mM L-arginine, 6 mM cysteamine hydrochloride and 4 mM cystamine). Refolds were mixed at 4°C for Ͼ1 h. Dialysis was conducted against 10 mM Tris (pH 8.1) until the conductivity of the refolds was under 2 mS/cm. The refolds were then filtered, ready for purification steps. The refolded proteins were purified initially by ion exchange using a Origin and details of TCRs and pMHC epitopes used (DR␣1*0101 was used for all of the pMHC-II proteins). All TCRs originated from T cell clones that respond to naturally occurring Ags.
b Reference numbers in parentheses.
a Poros50HQ column. Soluble MHC-II proteins were produced as previously described (24) . The expressed proteins were purified initially by affinity chromatography using L243 Ab immobilized onto CNBr Sepharose 4B. They were then ion exchanged using a Poros50HQ column, and finally gel filtered into BIAcore buffer (10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA and 0.005% (v/v) Surfactant P20), using a Superdex200HR column. This step was implemented on the day of analysis. Protein quality was analyzed by Coomassie-stained SDS-PAGE.
pMHC biotinylation
Biotinylated pMHC was prepared as previously described (25) .
Surface plasmon resonance (SPR) equilibrium analysis
The binding analysis was performed using a BIAcore 3000 equipped with a CM5 sensor chip as previously reported (25) . Except for the A24 EBV experiment at 15°C, in which 2000 response units were added, between 200 and 400 response units of biotinylated pMHC complexes were immobilized to streptavidin, which was chemically linked to the chip surface. The pMHC was injected at a slow flow rate (10 l/min) to ensure a uniform distribution of pMHC on the chip surface. Combined with the small amount of pMHC bound to the chip surface, this reduced the likelihood of mass transfer being in effect during these experiments. TCRs were purified and concentrated to a ϳ100 M on the same day of SPR analysis to reduce the likelihood of TCR aggregation affecting the results. For equilibrium analysis, 10 serial dilutions were carefully prepared in triplicate for each sample and injected over the relevant sensor chips at 25°C. All experiments were conducted in triplicate using the same chip on the same day. Results were analyzed using BIAevaluation 3.1, Microsoft Excel, and Origin 6.1. The equilibrium-binding constant (K D ) values were calculated using a nonlinear curve fit (y ϭ (P 1 x)/(P 2 ϩ x)). The binding of the HA1.7 TCR to HLA DR1-HA made in insect cells and protein made using an E.coli expression system was identical (data not shown) and suggests that the carbohydrate added to the MHC in the insect expression system has no effect on the binding of soluble TCR.
SPR kinetic analysis
Experiments were conducted to determine the K on and K off values for each sample at 25°C. Chip and reagent preparation was conducted identically to the equilibrium analysis. The TCRs were concentrated to ϳ100 M and six to eight serial dilutions were injected onto the chip at 30 l/min and measured in triplicate. The response was measured over a 45-60 s injection with a 30 -150 s dissociation period. The K on and K off values were calculated assuming 1:1 Langmuir binding and the data were analyzed using a global fit algorithm (BIAevaluation 3.1).
SPR temperature-dependent equilibrium and kinetic analysis
To compare the effect of temperature on TCR-binding affinity (K D ) and kinetics (K on and K off ) for pMHC-I and pMHC-II, analyses were conducted at 15°C and 37°C using the same experimental setup as at 25°C.
Statistical analysis
A two-tailed Student t test using equal variance (calculated using an F test) was performed to analyze the actual difference between the two means (TCR-I vs TCR-II) in relation to the variation in the data for statistical relevance using Microsoft Excel XP. This test was used to compare the difference in K D between TCR-I (n ϭ 8) and TCR-II (n ϭ 6) as well as the difference in K on and K off values between TCR-I (n ϭ 7) and TCR-II (n ϭ 4). Relevant p values are given in the main text.
Results
Class I-restricted TCRs bind with greater affinity than class II-restricted TCRs
Binding data was collected for eight TCR-I/pMHC-I and six TCR-II/pMHC-II interactions. SPR was used to determine the equilibrium K D of each TCR for its cognate pMHC (Table III) . Experiments at 25°C showed that TCR-I bind (Fig. 1, a-h ) within a higher affinity range than TCR-II (Fig. 1 , i-n) ( Table III) . The K D calculated for the binding of the A6, JM22, and LC13 TCRs to A2 Tax, A2 Flu, and B8 EBNA, respectively, have been previously measured (26 -28) ; the data presented here (Table III) 
TCR binding to pMHC I and II is governed by K on
Kinetic-binding analyses were conducted at 25°C to measure the on-rate (K on ) and off-rate (K off ) for each interaction. The most salient feature to emerge was the similarity in K off values for all TCRs regardless of MHC-I or MHC-II restriction. (Fig. 2,  a-g ) and TCR-II (Fig. 2, h-k) ( p value ϭ 0.01), compared with an insignificant difference in K off ( p value ϭ 0.62) (Table IV) . This does not challenge the concept of a narrow range of K off values being the key binding parameter controlling TCR-mediated signal transduction, as suggested, for example, by the T cell kinetic proof reading hypothesis (29) .
The effect of temperature on TCR/pMHC-binding affinity
Equilibrium and kinetic-binding analyses were also performed at 15°C and 37°C on a selection of TCR-I and TCR-II interactions due to the rapid kinetics attributed to TCR/pMHC binding (25, 28) . Slowing down the TCR/pMHC interaction provided the advantage of allowing a greater number of data points to be collected for the K on and K off values (Table V) , adding to the potential accuracy of the results. For the TCR-I and TCR-II interactions, the K on and K off values were, on average, ϳ2-fold slower at 15°C than at 25°C and confirmed the above findings (Figs. 3 and 4) . Additional experiments were conducted at physiological temperature (37°C) both to expand the data in terms of temperature effect on TCR/pMHC binding and to examine the interactions under physiological conditions (Fig. 5) . Accurate detection of the on-and off-rates of the TCR/pMHC interactions were beyond the limits of the BIAcore 3000 due the rapid kinetics observed at 37°C. However, the K D values obtained using equilibrium analyses were virtually identical with those obtained at 15°C and 25°C (Table VI) . Therefore, differences in temperature significantly change the kinetics, but not the affinity, of TCR/pMHC interactions investigated in this analysis.
Discussion
Class I-restricted TCRs bind with greater affinity than class II-restricted TCRs
In this study, we directly show, for the first time, that human TCRs bind to pMHC-I with approximately five times greater affinity than to pMHC-II. This study also represents the first binding affinity and kinetic data of human TCR/pMHC-II interactions. Previous binding data for TCR/pMHC interactions have emanated from a number of different laboratories and groups, derived from both mouse and human origin, in which a standardized method for SPR analysis is not always possible. These factors have limited the direct comparison of TCR binding to pMHC-I and pMHC-II. In this study, an identical method was used, wherever possible, to produce the TCR and pMHC proteins, and to perform the biophysical analysis. To further add to the accuracy and reproducibility of this study, we have repeated some human TCR/pMHC-I-binding data, which had been previously published (LC13 TCR/B8 EBNA, JM22 TCR/A2 Flu, and A6 TCR/A2 Tax) with virtually identical results. The difference observed between human TCR binding to pMHC-I and pMHC-II is also mirrored in the murine system, where accumulated evidence (Table I) indicates that the average murine TCR/pMHC-I affinity is K D ϭ 4 M, compared with the average murine TCR/pMHC-II affinity, which is K D ϭ 12 M. This 3-fold difference is consistent with the human data presented. This also indicates that murine TCRs bind generally more strongly compared with human TCRs (average human TCR/pMHC-I affinity is K D ϭ 13 M, average human TCR/pMHC-II affinity is K D ϭ 52 M). This could indicate a fundamental difference in the way that murine TCRs "see" Ag compared with the human system, although the number of TCR/pMHC interactions presently available is too small to determine whether this observation is universal. In support of this idea is the observation that human CD8 binds to pMHC-I with three to four times weaker affinity compared with murine CD8, virtually identical with the difference in affinity observed between murine and human TCR/pMHC interactions (25, 30, 31) . Similarly, binding data for the CD4 coreceptor indicates that it binds considerably weaker (K D Ͼ200 M) than the CD8 coreceptor. This could be important to maintain the binding affinity ratio between CD4/pMHC-II and the TCR/pMHC-II interaction, which we have shown to be of weaker affinity than TCR binding to pMHC-I. These differences could represent a fundamental biological necessity for the binding affinity ratio between the TCR/ pMHC interaction and the coreceptor/pMHC in maintaining Ag specificity vs T cell activation.
The difference in affinity observed between human TCR-I and TCR-II indirectly supports a number of possible implications for T cell function. For example, a greater TCR-I-binding affinity could potentially result in a stronger CTL-mediated activation signal, compared with Th cells, due to a greater number of TCR/pMHC-I interactions occurring. This suggests either that Th cells have a lower T cell activation threshold compared with CTLs, or that the signal mediated by TCR-II is stronger than TCR-I to compensate for the difference in the number of TCR/pMHC interactions. However, under cellular conditions, there are a number of other factors that contribute to T cell activation. First, more efficient serial triggering may occur with TCRs exhibiting weaker affinity. This is because weaker binding could allow such TCRs to contact multiple pMHC molecules in series more quickly than TCRs with greater affinity (16) . Second, T cells expressing TCRs with lower binding affinities could possess a higher density of TCRs on their cell surface, or could respond to cells expressing a higher concentration of Ag, creating a greater number of weaker signals compared with T cells with higher affinity TCR/pMHC interactions (32) . Finally, the function and expression of the coreceptors CD4 and CD8, which have been shown to increase Ag sensitivity, could be important in T cells with weaker binding TCRs (30, 33) . This is further supported by studies showing that CTLs responding to Ags that bind TCRs weakly have a greater degree of dependence on CD8 activity compared with CTLs responding to Ags that bind TCRs more strongly (B. Laugel, H. van der Berg, E. Gostick, D. K. Cole, L. Wooldridge, J. M. Boulter, A. Milicic, D. A. Price, and A. K. Sewell, manuscript in preparation).
Anti-pathogen TCRs bind with highest affinity
These results suggest that TCRs specific for pathogenic Ags such as those derived from viruses and bacteria could bind with stronger affinity compared with nonpathogenic, tumor and self, Ags, although this is limited by the small number of interactions measured for each type of Ag. Immune responses to pathogenic Ags are thought to elicit much stronger reactions compared with nonpathogenic Ags. It is therefore tempting to suggest that a link exists 
TCR-I/pMHC-I gp100 TCR/A2 gp100 1.4 ϫ 10 between Ag potency and TCR affinity, with strongly binding TCRs eliciting a stronger immune response.
TCR-I and TCR-II have different on-rates, but similar off-rates
The significantly faster on-rates for TCR-I, compared to TCR-II, are indicative of a higher degree of conformational flexibility and higher entropic cost upon binding for the TCR-II interactions. A possible explanation for this observation can be construed from the crystal structures of pMHC-I and II. Although the total number of TCR accessible residues is similar in both pMHC-I and II Ag presentation, the MHC-II peptide conformation is potentially less favorable for TCR binding. This is because the MHC-II peptides are more buried within the ␣1/␤1 binding groove and, compared with MHC-I peptide presentation, have an overall "flatter" topology (34) . In the case of MHC-I peptide presentation, a prominent central bulge in the peptide, away from the MHC-I surface, is a common conformational feature and provides TCR-I with a far more exposed motif with which to bind (34, 35) . Furthermore, TCR-II must be able to recognize a theoretically greater range of Ags than TCR-I, due to the longer length of the peptides and the greater degree of variability therein (36) . A slow K on could be indicative of a lower degree of specificity for TCR-II, supported by the observed higher degree cross-reactivity for Th cells compared with CTLs (37) . K off is a measure of the stability of a protein-protein interaction. These data show that there is no significant difference between the average K off value for TCR binding to pMHC-I or pMHC-II. This observation is supported by TCR/pMHC complex crystal structures, which show that the number of molecular contacts is relatively conserved for TCR-I and II binding (34) . Theoretically, for TCR-mediated activation signals to occur, the half-life of the interaction must be sufficient for activation signals to take place, a notion supported by investigations showing that fast K off can lead to T cell anergy, and extremely fast K off can result in T cell antagonism (38) . This suggests that, because the K off of the TCR binding to pMHC-I and pMHC-II is conserved, the half-life could be an important functional determinant for T cell activation.
Conclusions
This first comparative study of naturally selected human TCR/ pMHC interactions has revealed three fundamental features. First, K off values fall within a narrow window, which suggests an absolute requirement for a sufficient duration of engagement for TCRmediated signal transduction (21, 29) . Collective knowledge suggests that, on the one hand, TCR binding must be of sufficient duration to allow the molecular events involved in T cell activation to occur. On the other hand, the interactions must be brief enough to allow each Ag complex to be contacted by multiple TCRs (16) and, eventually, enable the T cell to disengage from the target cell. Second, K on values for TCR/pMHC interactions vary widely and account for most of the significantly stronger affinity range observed for TCR-I, compared with TCR-II, interactions. This may reflect that the TCR docking surfaces of most pMHC-II complexes are conformationally more flexible than those of pMHC-I. Thus TCRs, when binding to pMHC-II, may generally incur a higher entropic cost leading to slower on-rates (28, 34, 39, 40) . Third, this data indicates that a TCR-affinity hierarchy may exist dependent on Ag origin (pathogenicϾtumor/self). This is likely to be the consequence of thymic deletion of higher affinity self-reactive TCRs, leaving the peripheral TCR repertoire with better potential to respond to alien Ags. 
